Objective: Infants born to diabetic mothers (IDMs) even with good glycemic control are at risk for neonatal morbidity. Many of these problems occur during neonatal transition. We assessed (i) systemic and pulmonary blood flow in IDMs compared with controls and (ii) directional blood flow changes within fetal shunts during the first few days of life.
Introduction
Diabetes mellitus is increasing in incidence in the general population and has led to a growing number of pregnancies complicated by this condition.
1 Type 1 or 2 diabetics who are aggressively treated during their pregnancy have infants with less hypoglycemia, respiratory distress, congenital malformations and perinatal mortality than mothers without such control. 2 However, the extent of cardiorespiratory consequences in infants of diabetic mothers (IDMs) with good maternal glucose control is not known. Fetal echocardiography has helped to prenatally diagnose congenital heart disease in IDMs but is unable to determine which infants are at risk for problems during the transitional period. Cardiac function has been evaluated during this period in premature and poorly controlled IDMs, demonstrating that they are more likely to have septal hypertrophy, persistence of their ductus arteriosus and higher pulmonary arterial pressures compared with non-IDMs. 3, 4 Still, little is known about the cardiac changes that occur during the transitional period particularly in IDMs with good glycemic control, as the majority of these infants do not receive an echocardiogram. 5, 6 As the incidence of IDMs increase and as they receive better prenatal care, it is essential that we learn more about whether the well-controlled IDM is also at risk for cardiorespiratory dysfunction.
Echocardiography allows a direct assessment of the direction of blood flow across fetal channels, namely the foramen ovale (FO) and the patent ductus arteroisus (PDA), which is an indicator of the degree to which the pulmonary resistance has fallen after birth. Echocardiography with Doppler can also measure blood flow at a specific location and thus provide a meaningful index of cardiovascular function. The measurement of systemic and pulmonary blood flow during the transitional period is complicated by the presence of ductal and atrial shunting. Left ventricular output (LVO), the usual measure of cardiac output, is not representative of systemic blood flow when the PDA is open as LVO is measured before the ductus and therefore includes both systemic blood flow and the ductal contribution to pulmonary blood flow. Right ventricular output measures systemic venous return (systemic blood flow) plus left to right atrial shunting. 7 Increased left to right atrial flow is an indirect measure of increased pulmonary blood flow. Superior vena cava (SVC) flow is not affected by the PDA or FO shunts, which makes it a proxy measure of systemic blood flow during early transition. SVC flow measured in the first day of life has been shown to be a clinically useful predictor of impaired neurological outcome in preterm infants. 7, 8 IDMs may have impaired systemic blood flow due to interventricular septal hypertrophy causing decreased ventricular output, delayed newborn hemodynamic circulatory transition or a combination of these conditions. This could affect both pulmonary and systemic blood flow in the first few hours to days of life. These measures have not been studied in IDMs with controlled diabetes. In this study, we assessed blood flow during the transitional circulation of controlled IDMs compared with infants born to non-diabetic mothers. We hypothesized that IDMs would have lower blood flow as measured by right ventricular output (RVO), SVC and LVO, during the transitional period compared with non-IDMs controls. We also hypothesized that IDMs would have higher pulmonary arterial pressures, more bidirectional shunting at the atrial and ductal levels, and a thicker interventricular septum.
Methods

Study design
We conducted a prospective observational study in the Infant Special Care Center and the Family Maternity Care Center, at University of California San Diego (UCSD) Medical Center in San Diego comparing IDMs with control infants of non-diabetic mothers. Diabetic mothers were followed in the UCSD Diabetic Obstetric Clinic, which maintains a protocol with early medical and dietary intervention for mothers with gestational, Type 1 or Type 2 diabetes.
Study population
Pregnant women for this study were identified antenatally upon arrival to our labor and delivery service with pregnancies of X37 weeks gestation. Exclusionary criteria were: presence of chromosomal anomalies or congenital heart defects other than a PDA. If an infant was enrolled and a congenital heart defect was identified on a subsequent echocardiogram, the infant was excluded from the study.
IDMs were identified as those with mothers with a maternal diagnosis of gestational, Type 1 or Type 2 diabetes, classified according to the current American College of Obstetric guidelines. 9 Gestational diabetes was defined in the absence of a diagnosis of diabetes before pregnancy and an elevated 1 h glucose tolerance test (serum glucose >140 mg dl À1 ). Controls were infants born during the same time period, who were appropriate for gestational age (that is, 10th to 90th percentile), and were receiving well newborn care. Participants were enrolled from October 2008 to November 2009. The Institutional Review Board of UCSD approved the study, and signed informed consent was obtained from parents before enrollment.
Study protocol
Functional echocardiograms were performed for measurement of ventricular outputs, SVC flow, measures of pulmonary artery pressure and the presence of a PDA. In addition, direction of blood flow at the PDA and FO, and septal thickness were documented on the first examination. The initial echocardiogram was performed within the first 12 h of life. Serial echocardiograms were then performed at B24, 48, and 72 h of life in the IDM group. Control infants received only the initial and the 48 h echocardiograms. All echocardiograms and measurements were performed by a single investigator (AK). All images were reviewed and remeasured by the second investigator (TL) to confirm the quality of the studies. The discrepancy between investigators were never >20%, thus, measurements by the first investigator (AK) were included in the study.
Relevant prenatal and neonatal data were obtained from the medical record. Echocardiography measures were performed using the following protocol. All flow measures were calculated and indexed to weight by determining the cross-sectional area (CSA) from the measured diameter of the blood vessel, the velocity time integral (VTI) from the pulse wave Doppler signal and heart rate (HR) using the formula: CSA Â VTI Â HR/weight (kg).
LVO was measured by obtaining the vessel diameter from the parasternal long axis window and VTI from the apical window.
Angle correction was applied in this view if the angle of insonation was >10 degrees from the Doppler angle and the outflow tract. The Doppler range gate was placed distal to the aortic valve. The diameter was measured at the level of the aortic valve from images of three cardiac cycles and the values were averaged. The VTI was measured for five cardiac cycles and the values were averaged.
RVO was measured by obtaining the vessel diameter and the velocity from the parasternal long axis window in the sagittal plane. The Doppler range gate was placed in the middle of the pulmonary artery distal to the pulmonary valve. The diameter was measured at the level of the pulmonic valve from images of three cardiac cycles and the values were averaged. The VTI from five consecutive cardiac cycles were obtained and the values were averaged. SVC flow was measured by obtaining the vessel diameter from the parasternal long axis window in a sagittal plane and the VTI from the subcostal window. The Doppler range gate was placed at the junction of the SVC and the right atrium. The average of the maximum and minimum diameter from three cardiac cycles was calculated. The VTI from 10 consecutive cardiac cycles were obtained and the values were averaged.
The ductus arteriosus was imaged from the high parasternal window with the transducer angled to obtain a view of the ductus throughout its course from the pulmonary artery to the descending aorta. The direction of flow was assessed by placing the pulse wave Doppler range gate in the center of the ductus and recording the flow pattern by spectral Doppler. The direction of flow was categorized as all left to right, all right to left or bidirectional. If bidirectional, the percentage of right to left flow was calculated by measurement of the time of right to left component over the time of the entire cardiac cycle.
Interventricular septal thickness was measured from the parasternal long axis by using the standard M-mode tracing through the ventricular septum at the level of the tips of the mitral valve.
As an indirect measure of pulmonary artery pressure, the time to peak velocity in the pulmonary artery (pulmonary artery acceleration time) to right ventricular ejection time was measured with pulse wave Doppler. 10 In infants with measurable tricuspid regurgitation, pulmonary artery pressure was guided by color Doppler and then the Doppler range gate was placed at the proximal portion of the regurgitant jet for recording the flow pattern by spectral Doppler. The peak jet velocity of the pan-systolic regurgitant flow was determined, and the pressure difference between the right ventricle and atrium was calculated using the modified Bernoulli's equation. 11 An estimate of 5 mm Hg for the right atrial pressure was added to the pressure difference to determine the pulmonary artery pressure.
Atrial shunting was measured from a single plane, subcostal, window and determined by measuring the maximum diameter of the color flow jet across the atria in each study. The color scale was lowered until atrial flow was seen and the gain was increased until the color signal was optimized. The pulsed wave Doppler range gate was placed in the FO and the pattern of flow was classified as left to right or bidirectional.
Statistical analysis
Statistics were performed using PASW Statistics 18.0. (IBM, Chicago, IL, USA). Echocardiographic findings were compared between IDMs and control infants using unpaired t-tests or analysis of variance for continuous variables. Linear regression analysis was used to evaluate the relationship between echocardiographic measurements with maternal and infant characteristics. Two-sided P-value <0.05 were considered significant.
Results
A total of 54 patients were initially enrolled in the study (36 IDMs and 18 control infants). In all, four IDMs who were enrolled after antenatal consent were later excluded because of a congenital heart defect (all were ventricular septal defects) found on initial echocardiogram. Of the remaining 32 IDMs, 4 were gestational diabetes mellitus 1 (glyburide or diet controlled), 16 were gestational diabetes mellitus 2 (insulin dependent), 4 were Type 1, and 8 were Type 2. Characteristics of both the IDM and control groups are shown in Table 1 . IDMs tended to be born to older mothers with a higher maternal body mass index, were more likely to be delivered by cesarean section, need oxygen in the delivery room, and were less mature with higher birthweight Z-scores for gestational age. The mean percentage of maternal glycoslated hemoglobin (HbA1c), a marker of maternal glycemic control, was 5.75 (5.1 to 7.3). All of these differences were included as covariates in analyses.
IDMs had lower RVO compared with controls on both similarly timed echocardiograms (birth and at about 48 h of life). The changes were related to the differences in the velocity time integrals (see Table 2 ). There were two IDM subjects with low RVO (<150 ml kg À1 min À1 ) on the first echocardiogram but they were asymptomatic and were not admitted to the neonatal intensive care unit (NICU). No IDM or control subjects had low flows (SVC, RVO, LVO) on subsequent echocardiograms. RVO increased over time in both the groups but remained lower in the IDM group compared with controls. LVO and SVC flow did not differ between the groups at any time point.
At the first echocardiogram after birth the PDA was open in all infants. In the IDM group a higher proportion of the PDAs were bidirectional. When a bidirectional PDA was present, IDMs had a significantly higher percentage of right to left shunting across the ductus compared with controls (Table 2) .
At 48 h of life the frequency of PDA (IDMs: 31%; controls: 29%) was similar in both groups. At 72 h of life three IDM subjects (10%) and no control subjects still had a PDA. All ductal shunting was completely left to right at both of these time points.
Atrial shunting was clearly visualized in 41 of 50 subjects on the first echocardiogram. Both groups had similar frequency of bidirectional shunting (Table 2) . Controls had a significantly larger FO shunt diameter compared with the IDM group ( Table 2) . 
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Secondary analyses looked at IDMs that were admitted and compared echocardiographic measurements with those who were not admitted. Predictors of NICU admission were: lower 1 min and 5 min Apgar's scores, receipt of oxygen in the delivery room, higher maternal HbA1c, and low postnatal glucose levels. There was no correlation between flow measurements and any of the predictors of NICU admission. Among IDMs admitted to the NICU for respiratory distress, 10 out of 11 infants had bidirectional ductal shunting on their first echocardiogram compared with 11 out of 17 infants who were not admitted.
None of the control infants were cared for in our NICU (consistent with the protocol). However, about half of the IDMs (n ¼ 15) were cared for in the NICU for a short period of time. The most common reason for NICU admission was respiratory distress (n ¼ 11). The second most common reason for NICU admission was hypoglycemia (n ¼ 9), of which five infants also had respiratory symptoms. No infant required inotropic support or oxygen supplementation for >24 h. Of the seven children who had chest radiographs, five retained fetal lung fluid and two were normal. None were diagnosed with pneumonia or treated with prolonged antibiotic courses.
Discussion
Our study is the first to examine transitional circulation with measures of systemic blood flow and pulmonary blood flow in IDMs with controlled maternal diabetes. SVC flow has been reported in 14 well-term infants with a range of 34 to 143 ml kg À1 min
À1
on day 1 and 55 to 111 ml kg À1 min À1 on day 2. 7 Consistent with our hypothesis, RVO was lower in IDMs than controls; while contrary to our hypothesis, SVC flow remained within normal limits in IDMs. LVO was also comparable in IDMs and controls. LVO has been reported in 84 healthy IDMs and non-IDMs with a range from 168 to 279 ml kg À1 min À1 . 12 Considering that our study sample of IDMs did not have significant clinical evidence of cardiorespiratory compromise, it may not be surprising that SVC flow was similar to controls. Small differences in SVC flow could have been missed due to variability in measurements, however, they would have not been significant. 
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Despite no difference in SVC flow, transitional hemodynamics were altered in IDMs. A lower RVO in IDMs suggests that pulmonary vascular transition in IDM may not have occurred as readily as in controls. Very low RVO (<150 ml kg À1 min À1 ) is associated with respiratory disease and oxygen requirements in preterm infants. 13, 14 Although the majority of infants in our study did not have outputs in that range, the differences between IDM and control infants suggests that there was less left to right atrial shunting in the IDM group and therefore less pulmonary blood flow. Differences in the amount of atrial flow compared with ductal flow may have also accounted for the difference in RVO compared with LVO. As ductal flow decreases LVO will decrease as LVO includes the contribution of the ductal shunt. Similarly, increased atrial flow would account for an increased RVO as increased left to right atrial flow contributes to RVO. Atrial flow was only assessed on the initial examination.
It is possible that these findings are the result of cesarean section delivery and retained fetal lung fluid, which were more frequent in the IDM group. Makihara, et al. 15 showed that infants delivered by cesarean section had transient pulmonary hypertension after delivery measured by systolic time interval. As cesarean section was not a significant factor associated with lower flow measures by regression, the impact may not have been detected given the small number of IDMs delivered by vaginal birth.
Atrial shunting, when predominately left to right, has been shown to have a significant impact on RVO. 16, 17 In these studies, atrial shunt diameters <2 mm had minimal effect on the ratio of pulmonary to systemic blood flow (Qp/Qs), whereas diameters >3 mm had Qp/Qs ratios up to 2:1. In our study, controls had larger atrial shunts that were mostly left to right, and had higher RVO, suggesting lower pulmonary pressures and higher pulmonary blood flow compared with IDMs (Table 2 ). Higher pulmonary pressures associated with delayed fetal to neonatal pulmonary vascular transition lead to higher right atrial pressures and diminished left to right shunting through the FO, as was seen in the IDM group.
To evaluate pulmonary vascular pressure, the direction of blood flow across the PDA was analyzed. Despite having similar levels of overall bidirectional shunting, IDMs had a higher percentage of right to left shunting at the PDA in the first day of life. This reflects a longer duration of near systemic pulmonary vascular pressures during the cardiac cycle. We did not attempt to quantify the volume of transductal flow by measurement of the Doppler waveform as this would have technical limitations such as tortuousity of the duct, variability in transductal diameter across its course and turbulent rather than laminar nature of flow.
Interestingly, analysis of pulmonary artery pressures with tricuspid regurgitation jet and pulmonary artery acceleration time:right ventricular ejection time ratio indicated no differences between IDMs and controls, though the former measure was not detectable in all subjects ( Table 2 ) that could have limited our ability to find a difference between the groups. Although measurements of acceleration time and ejection time can be obtained in all patients, as they are calculated from the waveforms from Doppler measurements, they are not as accurate.
In subjects who underwent cardiac catheterization, the prediction of pulmonary arterial pressure by measurement of acceleration time was poor compared with measurement of the tricuspid regurgitation jet. 18 The poor sensitivity of this measure may explain why a difference was not detected between our groups.
Three studies to date have evaluated cardiac function in the IDM, none of which have included adequately controlled maternal diabetes or gestational diabetes. Walther et al. 12 performed a single echocardiogram in the first 48 h of life and found a difference in LVO only in IDMs who had enlarged interventricular septums. Vela-Huerta et al. 4 evaluated term infants both large for gestational age (LGA) and appropriate for gestational age and compared them with LGA IDMs. The majority of their LGA IDMs had septal hypertrophy. They performed serial echocardiograms and demonstrated that IDMs had a slight decrease in their ejection fraction. They did not evaluate cardiac outputs. In our study, the thickness of the interventricular septum between the control and IDM were similar. In addition, the majority of our IDMs were appropriate for gestational age (four infants were LGA). These characteristics support the effect of adequate maternal glucose control in our cohort.
Seppanen et al. 3 compared LVOs and measured pulmonary pressures in mothers with Type 1 or Type 2 diabetes and controls. Mothers with gestational diabetes were not included in their study. Their IDM cohort was more premature (29 to 41 weeks) and poorly controlled than our IDM group (mean HbA1c 6.4 ± 1.3). Approximately one third of their patients required prolonged mechanical ventilation. They found a delayed closure in the ductus arteroisus, and higher mean aortopulmonary pressure gradients in IDMs but no difference in the LVOs.
Our study evaluated infants whose mothers had gestational diabetes or controlled Type 1 or Type 2 diabetes and as a result the infants in our study had fewer associated illnesses compared with previously reported studies. They were all term, did not have frequent respiratory disease, and were infrequently macrosomic. Therefore, we are able to evaluate the effects of controlled diabetes during pregnancy on the transitional hemodynamics without the influence of other diseases. In addition, we only enrolled infants antenatally who were identified from our diabetic obstetric clinic, which excluded diabetic mothers who may have delivered precipitously or had limited prenatal care.
Another limitation of our study is our small sample size, which precluded intra-group comparisons due to low power. For instance, we were unable to evaluate differences in cardiac measures between admitted and non-admitted IDMs. There were 11 IDM with respiratory symptoms most consistent with transient tachypnea of the newborn (TTN), as those with abnormal radiographs had retained fetal lung fluid. TTN is a well-known association of IDMs and could have influenced our findings. 19 Our sample size was also not large enough to adequately examine the influence of mode of delivery in regression analyses. Although there was a significantly greater number of IDMs delivered by cesarean section compared with controls, the small number of vaginally delivered IDMs limited evaluation of this variable in contributing to differences in flow measures. Future studies should prospectively control for mode of delivery.
Our findings of lower RVO and a higher component of right to left ductal shunting in the first 24 h of life demonstrate that even well-controlled diabetes is associated with some evidence of delayed circulatory transition. Despite this, the systemic blood flow was maintained as seen by SVC flows similar to those in the control infants. The clinical implication of our findings includes the awareness that even with strict glycemic control IDMs are more at risk for transitional problems near the time of birth.
Conclusion
Our study offers further evidence that despite the fetal benefits of maintaining good glucose control during pregnancy, the IDM still has abnormal transitional hemodynamics. In our study population, hypertrophic cardiomyopathy was not seen and normal systemic blood flow was maintained. These data are important in part in describing the physiology that may not be clinically apparent in a population at risk for a delayed pulmonary hemodynamic transition progressing to more severe persistent pulmonary hypertension. In addition, few studies have reported the normal SVC flow in the term population. Our study provides more normative data on SVC flow in term infants that can be used as clinical reference. Whether functional echocardiography will be able to predict which infants will go on to develop more significant cardiorespiratory problems requires further prospective evaluation.
